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DESCRIPTION 

Photomultiplier and Its Manufacturing Method 
Technical Field 

[0001] The present invention relates to a photomultipher having an 
electron multiplier section which multiplies in a cascading manner 
photoelectrons generated by a photocathode, and a method of 
manufacturing the same. 
Background Art 

[0002] Photomultipliers (PMT: Photo-Multiplier Tube) have 
conventionally been known as a photosensor. A photomultiplier 
comprises a photocathode for converting light into electrons, a focusing 
electrode, an electron multiplier section, and an anode, which are 
accommodated in a vacuum envelope. When light is incident on the 
photocathode in the photomultiplier, photoelectrons are emitted from 
the photocathode into the vacuum envelope. The photoelectron is 
guided to the electron multiplier section by the focusing electrode, and 
is multiplied in a cascading manner by the electron multiplier section. 
As a signal, the anode outputs electrons having arrived thereat among 
those multiplied (see the following Patent Documents 1 and 2). 
Patent Document 1: Japanese Patent Publication No. 3078905 
Patent Document 2: Japanese Patent Application Laid-Open No. HEX 4- 
359855 

Disclosure of the Invention 

Problem to be Solved by the Invention 

[0003] The inventors have studied conventional photomultipliers in 
detail, and as a result, have found problems as follows. 
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[0004] Namely, as photosensors have been widening the scope of their 
appHcation, smaller photomultipliers have been in demand. On the 
other hand, as such a photomultiplier has thus been made smaller, high- 
precision processing techniques have been required for components 
constituting the photomultiplier. In particular, as members themselves 
are made finer, an accurate arrangement is hard to realize between the 
members, and fluctuations in detection accuracy among the 
photomultipliers manufactured become greater. 

[0005] In order to overcome the above-mentioned problems, it is an 
object of the present invention to provide a photomultiplier having a 
structure which can achieve a smaller size more easily than 
conventional cases while in a state keeping a high detection accuracy 
and is easy to process finely, and a method of manufacturing the same. 
Means for Solving Problem 

[0006] The photomultiplier according to the present invention is a 
photosensor having an electron multiplier section for multiplying in a 
cascading manner photoelectrons generated by a photocathode, and 
encompasses, depending on the position where the photocathode is 
arranged, a photomultiplier having a transmission-type photocathode 
which emits the photoelectrons in the same direction as the incident 
direction of light, and a photomultiplier having a reflection-type 
photocathode which emits photoelectrons in a direction different from 
the incident direction of light. 

[0007] In particular, the photomultiplier comprises an enclosure 
keeping the inside of the photomultiplier in a vacuum state, a 
photocathode acconunodated in the enclosure, an electron multiplier 
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section accommodated in the enclosure, and an anode at least partly 
accommodated in the enclosure. The enclosure has at least a part 
constructed by a glass substrate having a flat part. The photocathode 
emits photoelectrons to the inside of the enclosure according to light 
captured through the enclosure. The electron multiplier section is 
arranged on a predetermined area of the flat part in the glass substrate, 
and multiplies in a cascading manner the photoelectrons emitted from 
the photocathode. The anode is arranged on an area excluding the area 
where the electron multiplier section is arranged on the flat part in the 
glass substrate, and functions as an electrode which takes out electrons 
having arrived thereat among electrons multiplied in a cascading 
manner in the electron multiplier section as a signal. Thus, the 
electron multiplier section and anode are arranged two-dimensionally on 
the flat part in the glass substrate, whereby the apparatus as a whole can 
be made smaller. 

[0008] Preferably, the enclosure comprises a lower frame which is the 
glass substrate, an upper frame opposing the lower frame, and a side 
wall frame which is provided between the upper and lower frames and 
has a form surrounding the electron multiplier section and anode. It 
will be preferred in particular if the side wall frame is integrally formed 
with the electron multiplier section and anode by etching one silicon 
substrate. Such a structure can easily realize fine processing, thus 
yielding a photomultiplier having a smaller size. In this case, the 
electron multiplier section and anode integrally formed with the side 
wall frame are also comprised of a silicon material. Preferably, the 
electron multiplier section and anode are fixed to the glass substrate by 
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a method other than welding. It will be preferred, for example, if the 
electron multiplier section and anode comprised of a silicon material are 
fixed to the glass substrate by any of anodic bonding and diffusion 
bonding. The side wall frame and the glass substrate (lower frame) are 
joined to each other by any of anodic bonding and diffusion bonding as 
a matter of course. Such fixation by anodic bonding or diffusion 
bonding can minimize troubles such as the occurrence of foreign 
matters at the time of welding and the like. 

[0009] The electron multiplier section has a plurality of grooves 
extending such that electrons run along a direction intersecting a 
direction in which the photocathode emits the photoelectrons. Since 
the grooves in the electron multiplier section extend such that the 
electron runs along a direction intersecting the direction in which the 
photocathode emits the photoelectrons, a smaller size can be attained as 
compared with a structure in which an electron multiplier section is 
formed along a direction in which the photocathode emits the 
photoelectrons. 

[0010] In the photomultiplier according to the present invention, the 
electron multiplier section causes electrons to coUide against each of a 
pair of side walls defining each groove, thereby effecting a cascade 
multiplication. Causing electrons to collide against each of a pair of 
side walls defining each groove effects a more efficient cascade 
multiplication. Preferably, in the photomultiplier according to the 
present invention, each side wall defining the groove is provided with a 
protrusion. Providing the side wall with the protrusion allows 
electrons to collide against the side wall by a predetermined distance. 
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thereby enabling a more efficient cascade multiplication. 
[0011] Preferably, in the photomultiplier according to the present 
invention, the electron multiplier section and anode are arranged on the 
flat part in the glass substrate while in a state separated by a 
predetermined distance from the side wall frame constituting a part of 
the enclosure. In this case, each of the electron multiplier section and 
anode can minimize the influence of extemal noise through the side 
wall frame, whereby a high detection accuracy can be obtained. 
[0012] Preferably, in the photomultiplier according to the present 
invention, the upper frame is comprised of one of glass and silicon 
materials. When the upper frame is comprised of a glass material, it 
will be preferred if the upper frame is joined to the side wall frame by 
anodic bonding or diffusion bonding such that the upper frame and 
lower frame sandwich the side wall frame therebetween as in the joining 
of the glass substrate (lower frame) and side wall frame to each other. 
Thus, any of anodic bonding and diffusion bonding (the bonding of the 
lower frame and side wall frame and the bonding of the side wall frame 
and upper frame) vacuum-seals the enclosure, whereby the enclosure 
can be processed easily. The upper frame comprised of the glass 
material can function by itself as a transmitting window. 
[0013] The upper frame may also be comprised of a silicon material. 
In this case, the upper frame is formed with a transmitting window in 
order to transmit therethrough a predetermined wavelength of light 
toward the photocathode accommodated in the enclosure. The side 
wall frame may be provided with the transmitting window as well. 
[0014] A method of manufacturing the photomultiplier having the 
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above-mentioned structure (the method of manufacturing a 
photomultiplier according to the present invention) initially prepares a 
lower frame, comprised of a glass material, constituting a part of the 
enclosure; a side wall frame constituting a part of the enclosure, the side 
5 wall frame being formed together with the electron multiplier section 

and anode by etching one silicon substrate; and an upper frame 
constituting a part of the enclosure. 

[0015] Subsequently, the side wall frame is integrally fixed to the lower 
frame together with the electron multiplier section and anode by any of 

10 anodic bonding and diffusion bonding. 

[0016] In the method of manufacturing a photomultiplier according to 
the present invention, the above-mentioned side wall frame is not 
required to be a silicon frame integrally formed with the electron 
multiplier section and anode. This manufacturing method is applicable 

15 to the manufacture of a photomultiplier which comprises an enclosure 

constructed by a lower frame, a side wall frame, and an upper frame, 
while having an inside kept in a vacuum state; a photocathode 
acconmiodated in the enclosure; an electron multiplier section 
accommodated in the enclosure; and an anode at least partly 

20 accommodated in the enclosure. First, in this case, each of a lower 

frame comprised of a glass material constituting a part of the enclosure, 
a side wall frame comprised of a silicon material constituting a part of 
the enclosure, and an upper frame constituting a part of the enclosure is 
prepared. Then, the side wall frame is joined to the lower frame by 

25 any of anodic bonding and diffusion bonding. 

[0017] When the upper frame is comprised of a glass material here, the 
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upper frame is joined to the side wall frame by any of anode bonding 
and diffusion bonding such that the upper frame and lower frame 
sandwich the side wall frame therebetween. 

[0018] When the upper frame is comprised of a silicon material, on the 
5 other hand, the upper frame is formed with a transmitting window. 

The place where the transmitting window is formed is not limited to the 
upper frame, whereby the side wall frame may be formed with a 
transmitting window, for example. 

[0019] The present invention will be more fiiUy understood from the 
10 detailed description given hereinbelow and the accompanying drawings, 

which are given by way of illustration only and are not to be considered 
as limiting the present invention. 

[0020] Further scope of applicability of the present invention will 
become apparent from the detailed description given hereinafter. 

15 However, it should be understood that the detailed description and 

specific examples, while indicating preferred embodiments of the 
invention, are given by way of illustration only, since various changes 
and modifications within the spirit and scope of the invention will be 
apparent to those skilled in the art from this detailed description. 

20 Effect of the Invention 

[0021] The present invention yields a photomultiplier having a structure 
which can easily reaUze fine processing while in a state keeping a high 
detection accuracy. 
Brief Description of the Drawings 

25 [0022] Fig, 1 is a perspective view showing the structure of a first 

embodiment (transmission type) of the photomultiplier according to the 
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present invention; 

Fig. 2 is a view showing an assembling process of the photomultiplier 
according to the first embodiment shown in Fig. 1 ; 

Fig. 3 is a sectional view showing the structure of the photomultiplier 
according to the first embodiment taken along the line I-I in Fig. 1 ; 
Fig. 4 is a perspective view showing the stmcture of the electron 
multiplier section in the photomultiplier according to the first 
embodiment; 

Fig. 5 is a (first) view for explaining a method of manufacturing the 

photomultiplier according to the first embodiment; 

Fig. 6 is a (second) view for explaining the method of manufacturing 

the photomultiplier according to the first embodiment; 

Fig. 7 is a view showing the structure of a second embodiment 

(reflection type) of the photomultiplier according to the present 

invention; 

Fig. 8 is a view showing the structure of a third embodiment (reflection 
type) of the photomultiplier according to the present invention; 
Fig. 9 is a view showing a fourth embodiment of the photomultiplier 
according to the present invention; 

Fig. 10; is a (first) view for explaining a method of forming a 
transmitting window; 

Fig. 11 is a (second) view for explaining the method of forming a 
transmitting window; 

Fig. 12 is a (third) view for explaining the method of forming a 
transmitting window; 

Fig. 13 is a view showing the structure of a fifth embodiment of the 
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photomultiplier according to the present invention; 

Fig. 14 is a view for explaining each of anodic bonding and diffusion 

bonding; 

Fig. 15 is a view showing another structure of a photomuUipHer which 
5 can be manufactured by the method of manufacturing a photomuhiplier 

according to the present invention; and 

Fig. 16 is a view showing the stracture of a detecting module employing 
the photomultiplier according to the present invention. 
Description of the Reference Numerals 
10 [0023] la... photomultiplier; 2... upper frame; 3... side wall frame; 

4 . . . lower frame (glass substrate); 22 . . .photocathode; 31... electron 
multiplier section; 32*. . . anode; and 42 . . . anode terminal. 
Best Modes for Carrying Out the Invention 

[0024] In the following, embodiments of a photomultiplier and method 
15 of manufacturing the same according to the present invention will be 

explained in detail with reference to Figs. 1 to 16. In the explanation 
of the drawings, constituents identical to each other will be referred to 
with numerals identical to each other without repeating their 
overlapping descriptions. 
20 First Embodiment 

[0025] Fig. 1 is a perspective view showing the structure of a first 
embodiment of the photomultiplier according to the present invention. 
The photomultiplier la according to the first embodiment, which is a 
transmission-type electron multiplier, comprises an enclosure 
25 constructed by an upper frame 2 (glass substrate), a side wall frame 3 

(silicon substrate), and a lower frame 4 (glass substrate). The 



9 



FP04-0484-00 



photomultiplier la is a photomultiplier in which, when light is incident 
on the photocathode in a direction intersecting an electron running 
direction in the electron multiplier section, i.e., when light is incident in 
the direction indicated by arrow A in Fig. 1, photoelectrons emitted 
from the photocathode are incident on the electron multiplier section 
and run in the direction indicated by arrow B, whereby secondary 
electrons are multiplied in a cascading manner. The individual 
constituents will now be explained. 

[0026] Fig. 2 is a perspective view showdng the photomultiplier la 
shown in Fig. 1, while exploding it into the upper frame 2, side wall 
frame 3, and lower frame 4. The upper frame 2 is constructed by a 
rectangular flat glass substrate 20 as a base material. The main face 
20a of the glass substrate 20 is formed with a rectangular depression 
201, whereas the outer periphery of the depression 201 is formed in 
conformity to the outer periphery of the glass substrate 20. The 
bottom part of the depression is formed with a photocathode 22. The 
photocathode 22 is formed near one longitudinal end of the depression 
201. The face 20b opposing the main face 20a of the glass substrate 
20 is provided with a hole 202, which reaches the photocathode 22. A 
photocathode terminal 21 is arranged within the hole 202 and is in 
contact with the photocathode 22. In the first embodiment, the upper 
frame 2 comprised of a glass material fiinctions by itself as a 
transmitting window. 

[0027] The side wall frame 3 is constructed by a rectangular flat silicon 
substrate 30 as a base material. A depression 301 and a penetrating 
part 302 are formed from the main face 30a of the silicon substrate 30 
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toward its opposing face 30b. The depression 301 and penetrating part 
302, each having a rectangular opening, are connected to each other, 
while their outer peripheries are formed in conformity to the outer 
periphery of the silicon substrate 30. 

[0028] An electron multiplier section 31 is formed within the 
depression 301. The electron multiplier section 31 has a plurality of 
wall parts 311 erected so as to extend along each other from the bottom 
part 301a of the depression 301. Thus, grooves are constructed 
between the wall parts 311. Side walls (side walls defining the 
grooves) and the bottom part 301a of the wall parts 311 are formed with 
secondary electron emitting surfaces comprised of a secondary electron 
emitting material. Each of the wall parts 311 is provided along the 
longitudinal axis of the depression 301, whereas its one end is arranged 
with a predetermined distance from one end of the depression 301, and 
the other end is arranged at a position reaching the penetrating part 302. 
An anode 32 is arranged within the penetrating part 302. The anode 32 
is arranged with a gap from inner walls of the penetrating part 302, and 
is fixed to the lower frame 4 by anodic bonding or diffusion bonding. 
[0029] The lower frame 4 is constructed by a rectangular flat glass 
substrate 40 as a base material. Holes 401, 402, and 403 are provided 
from the main face 40a of the glass substrate 40 toward its opposing 
face 40b. A photocathode-side terminal 41, an anode terminal 42, and 
an anode-side terminal 43 are inserted and fixed into the holes 401, 402, 
and 403, respectively. The anode terminal 42 is in contact with the 
anode 32 of the side wall frame 3. 

[0030] Fig. 3 is a sectional view showing the structure of the 
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photomultiplier la according to the first embodiment taken along the 
line I-I in Fig. 1 . As already explained, the bottom part in one end of 
the depression 201 in the upper frame 201 is formed with the 
photocathode 22. The photocathode terminal 21 is in contact with the 
photocathode 22, whereby a predetermined voltage is applied to the 
photocathode 22 through the photocathode terminal 21 . The main face 
20a (see Fig. 2) of the upper frame 2 and the main face 30a (see Fig. 2) 
of the side wall frame 3 are joined to each other by anodic bonding or 
diffusion bonding, whereby the upper frame 2 is fixed to the side wall 
frame 3. 

[0031] The depression 301 and penetrating part 302 are arranged at a 
position corresponding to the depression 201 of the upper frame 2. 
The electron multiplier section 31 is arranged in the depression 301 of 
the side wall frame 3, while a gap 301b is formed between one end wall 
of the depression 301 and the electron multiplier section 31. In this 
case, the electron multiplier section 31 of the side wall frame 3 is 
positioned directly under the photocathode 22 of the upper frame 2. 
The anode 32 is arranged within the penetrating part 302 of the side 
wall frame 3. The anode 32 is arranged so as to be out of contact with 
inner walls of the penetrating part 302, whereby a gap 302a is formed 
between the anode 32 and penetrating part 302. The anode 32 is fixed 
to the main face 40a (see Fig. 2) of the lower frame 4 by anodic bonding 
or diffusion bonding. 

[0032] The face 30b (see Fig. 2) of the side wall frame 3 and the main 
face 40a (see Fig. 2) of the lower frame 4 are anodically bonded or 
diffusion-bonded to each other, whereby the lower frame 4 is fixed to 
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the side wall frame 3. At that time, the electron multiplier section 31 
of the side wall frame 3 is also fixed to the lower frame 4 by anodic 
bonding or diffusion bonding. The upper frame 2 and lower frame 4, 
each comprised of a glass material, snadwiching the side wall frame 3 
therebetween are joined to the side wall frame, whereby an enclosure of 
the photomultiplier la is obtained. A space is formed within the 
enclosure, whereas a vacuum airtight process is performed when 
assembling the enclosure constructed by the upper frame 2, side wall 
frame 3, and lower frame 4, so that the inside of the enclosure is kept in 
a vacuum state (as will be explained later in detail). 
[0033] Since the photocathode-side terminal 401 and anode-side 
terminal 403 of the lower frame 4 are in contact with the silicon 
substrate 30 of the side wall frame 3, a potential difference can be 
generated in the longitudinal direction of the silicon substrate 30 (a 
direction intersecting a direction in which photoelectrons are emitted 
from the photocathode 22, i.e., a direction in which secondary electrons 
run in the electron multiplier section 31) when predetermined voltages 
are applied to the photocathode-side terminal 401 and the anode-side 
terminal 403, respectively. The anode terminal 402 of the lower frame 
4 is in contact with the anode 32 of the side wall frame 3, and thus can 
take out electrons having arrived at the anode 32 as signals. 
[0034] Fig. 4 shows the structure of the side wall frame 3 near the wall 
parts 311. Side walls of the wall parts 311 arranged within the 
depression 301 of the silicon substrate 30 are formed with protrusions 
311a. The protrusions 311a are altemately arranged on the opposing 
wall parts 311. The protrusions 311a are formed uniformly from the 
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upper end to lower end of the wall parts 311. 

[0035] The photomultiplier la operates as follows. Namely, voltages 
of -2000 V and 0 V are applied to the photocathode-side terminal 401 
and anode-side terminal 403 of the lower frame 4, respectively. The 
resistance of the silicon substrate 30 is about 10 MQ. The resistance 
value of the silicon substrate 30 can be adjusted by the volume of the 
silicon substrate 30, e.g., the thickness thereof. For example, reducing 
the thickness of the silicon substrate can increase the resistance value. 
When light is incident on the photocathode 22 here through the upper 
frame 2 comprised of a glass material, the photocathode 22 emits 
photoelectrons toward the side wall frame 3. Thus emitted 
photoelectrons reach the electron multiplier section 31 positioned 
directly under the photocathode 22, Since a potential difference is 
generated in the longitudinal direction of the silicon substrate 30, the 
photoelectrons having reached the electron multiplier section 31 are 
directed toward the anode 32. The electron multiplier section 31 is 
formed with grooves defined by a plurality of wall parts 311. 
Therefore, the photoelectrons having reached the electron multiplier 
section 3 1 from the photocathode 22 collide against the side walls of the 
wall parts 311 and the bottom part 301a between the opposing side 
walls 311, thereby emitting a plurality of secondary electrons. The 
electron multiplier section 31 successively performs cascade 
multiplications of the secondary electrons, thereby generating 10 to 10 
secondary electrons per electron reaching the electron multiplier section 
from the photocathode. Thus generated secondary electrons reach the 
anode 32, and are taken out as signals from the anode terminal 402. 
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[0036] A method of manufacturing the photomultiplier according to the 
first embodiment will now be explained. When manufacturing the 
photomultiplier, a silicon substrate (a constituent material for the side 
wall frame 3 in Fig. 2) having a diameter of 4 inches and two glass 
substrates (constituent materials for the upper frame 2 and lower frame 
4 in Fig. 3) having the same form are prepared. For each minute area 
(e.g., a square of several millimeters), they are subjected to a process 
which will be explained in the following. When the process explained 
in the following ends, the resulting product is divided into individual 
areas, whereby a photomultiplier is completed. The processing 
method will now be explained with reference to Figs. 5 and 6. 
[0037] First, as shown in the area (a) of Fig. 5, a silicon substrate 50 
(corresponding to the side wall frame 3) having a thickness of 0.3 mm 
and a resistivity of 30 IcQ cm is prepared. Thermally-oxidized silicon 
films 60 and 61 are formed on both sides of the silicon substrate 50, 
respectively. The thermally-oxidized silicon films 60 and 61 fiinction 
as masks at the time of DEEP-RIE (Reactive Ion Etching) processing. 
Subsequently, as shown in the area (b) of Fig. 5, a resist film 70 is 
formed on the rear side of the silicon substrate 50. The resist film 70 is 
formed with eliminating parts 701 corresponding to the gap between the 
penetrating part 302 and anode 32 in Fig. 2. When the thermally- 
oxidized silicon film 61 is etched in this state, eliminating parts 611 
corresponding to the gap between the penetrating part 302 and anode 32 
in Fig. 2 are formed. 

[0038] After removing the resist film 70 from the state shown in the 
area (b) of Fig. 5, DEEP-RIE processing is performed. As shown in 
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the area (c) of Fig. 5, the sihcon substrate 50 is formed with gap parts 
501 corresponding to the gap between the penetrating part 302 and 
anode 32 in Fig. 2. Subsequently, as shown in the area (d) of Fig. 5, a 
resist film 71 is formed on the fi-ont side of the silicon substrate 50. 
The resist film 71 is formed with an eliminating part 711 corresponding 
to the gap between the wall parts 311 and depression 301 in Fig. 2, and 
eliminating parts (not depicted) corresponding to the grooves between 
the wall parts 311. When the thermally oxidized silicon film 60 is 
etched in this state, an eliminating part 601 corresponding to the gap 
between the wall parts 311 and depression 301 in Fig. 2, eliminating 
parts 602 corresponding to the gap between the penetrating part 302 and 
anode 32 in Fig. 2, and eliminating parts (not depicted) corresponding to 
the grooves between the wall parts 31 1 in Fig. 2 are formed. 
[0039] After removing the thermally oxidized silicon film 61 fi-om the 
state of the area (d) in Fig. 5, a glass substrate 80 (corresponding to the 
lower firame 4) is anodically bonded to the rear side of the silicon 
substrate 50 (see the area (e) in Fig. 5). The glass substrate 80 has 
been processed beforehand with holes 801, 802, and 803 corresponding 
to the holes 401, 402, and 403, respectively. Subsequently, DEEP-RIE 
processing is performed on the fi'ont side of the silicon substrate 50. 
The resist film 71 fimctions as a mask material at the time of DEEP-RIE 
processing, thereby enabling processing with a high aspect ratio. After 
the DEEP-RIE processing, the resist film 71 and thermally oxidized 
silicon film 61 are removed. As shown in the area (a) of Fig. 6, a 
penetrating part reaching the glass substrate 80 is formed in the part 
processed beforehand with the gap part 501, whereby an island 52 



16 



FP04-0484-00 



corresponding to the anode 32 in Fig. 2 is formed. The island 52 
corresponding to the anode 32 is fixed by anodic bonding to the glass 
substrate 80. At the time of DEEP-RIE processing, the groove part 51 
corresponding to the grooves between the wall parts 311 in Fig. 2 and 
the depression 503 corresponding to the gap between the wall parts 311 
and depression 301 in Fig. 2 are also formed. Here, the side walls of 
the groove part 51 and the bottom part 301a are formed with secondary 
electron emitting surfaces. 

[0040] Subsequently, as shown in the area (b) of Fig. 6, a glass 
substrate 90 corresponding to the upper frame 2 is prepared. By spot 
facing, the glass substrate 90 is formed with a depression 901 
(corresponding to the depression 201 in Fig. 2), and a hole 902 
(corresponding to the hole 202 in Fig. 2) is provided so as to reach the 
depression 901 from the surface of the glass substrate 90. As shown in 
the area (c) of Fig. 6, a photocathode terminal 92 corresponding to the 
photocathode terminal 21 in Fig. 2 is inserted and fixed into the hole 
902, while the depression 901 is formed with a photocathode 91. 
[0041] The silicon substrate 50 and glass substrate 80 having processed 
to the area (a) of Fig. 6 and the glass substrate 90 having processed to 
the area (c) in Fig. 6 are joined together by anodic bonding or diffusion 
bonding in a vacuum airtight state as shown in the area (d) of Fig. 6. 
Thereafter, a photocathode-side terminal 81, an anode terminal 82, an 
anode-side terminal 83 which correspond to the photocathode-side 
terminal 41, anode terminal 42, and anode-side terminal 43 in Fig. 2 are 
inserted and fixed into the holes 801, 802, and 803, respectively, 
whereby the state shown in the area (e) of Fig. 6 is obtained. Then, the 
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resulting product is cut out into individual chips, whereby a 
photomultiplier having the structure shown in Figs. 1 and 2 is obtained. 
Second Embodiment 

[0042] Fig. 7 is a view showing the structure of a second embodiment 
of the photomultipher according to the present invention. The 
photomultiplier according to the second embodiment has the same 
structure as that of the photomultiplier according to the first 
embodiment except for the position at which the photocathode is 
arranged. Here, the area (a) in Fig. 7 shows a silicon substrate 30 
corresponding to the side wall fi'ame shown in Fig. 2 illustrating the 
assembling process of the first embodiment. 

[0043] In the photomultiplier according to the second embodiment, the 
silicon substrate 30 is formed with a photocathode 22 at an end part 
positioned on the side opposite fi-om the anode 32 in end parts of the 
electron multiplier section 31 as shown in the area (a) of Fig. 7. 
Specifically, as shown in the area (b) of Fig. 7, side faces of wall parts 
311 defining grooves and the bottom part of grooves between the wall 
parts on the end part of the electron multiplier section 31 on the side 
opposite fi-om the anode 32 are formed with the photocathode 22. 
[0044] Because of this configuration, the photocathode 22 having 
received the light transmitted through the glass substrate 20 constituting 
the upper fi-ame 2 as a transmitting window emits photoelectrons toward 
the anode 32 in the photomultiplier according to the second embodiment. 
While the photoelectrons fi^om the photocathode 22 propagate through 
the grooves toward the anode 32, they collide against side faces of the 
wall parts 311 and the bottom parts 301a between the opposing wall 
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parts 311, thereby emitting secondary electrons. Electrons which are 
thus successively multiplied in a cascading manner reach the anode 32 
(see the area (c) in Fig. 7). The area (c) in Fig. 7 shows a sectional 
view corresponding to Fig. 3 showing a cross-sectional structure of the 
first embodiment. 
Third Embodiment 

[0045] Fig. 8 is a view showing the structure of a third embodiment of 
the photomultiplier according to the present invention. The third 
embodiment is also a photomultiplier having a reflection-type 
photocathode with the same structure as that of the photomultiplier 
according to the first embodiment except for the structure in which the 
photocathode 22 is arranged. 

[0046] As shown in Fig. 8, in the photomultiplier according to the third 
embodiment, the inner side face of the side wall fi-ame 3 on the opposite 
side of the electron multiplier section 31 from the anode 32 is formed 
with the photocathode 22. This inner side face is inclined with respect 
to each of the upper frame 2 functioning as a transmitting window and 
the electron multiplier section 3 1 . Forming the photocathode 22 on the 
inner side face yields a photomultiplier having the reflection-type 
photocathode. 

[0047] Because of this configuration, the photocathode 22 having 
received the light transmitted through the glass substrate 20 constituting 
the upper frame 2 as a transmitting window emits photoelectrons toward 
the electron multiplier section 31 in the photomultiplier according to the 
third embodiment. While the photoelectrons from the photocathode 22 
propagate through the grooves in the electron multiplier section 31 
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toward the anode 32, they colhde against side faces of the wall parts 311 
and the bottom parts 301a between the opposing wall parts 311, thereby 
emitting secondary electrons. Electrons which are thus successively 
multiplied in a cascading manner reach the anode 32. Here, Fig. 8 
shows a sectional view corresponding to Fig. 3 showing a cross- 
sectional stmcture of the first embodiment. 
Fourth Embodiment 

[0048] In the photomultipliers of transmission type and reflection type 
according to the above-mentioned first to third embodiments, the 
electron multiplier section 3 1 arranged within the enclosure is integrally 
formed while in contact with the silicon substrate 30 constituting the 
side wall fi:-ame 3. When the side wall fi-ame 3 and the electron 
multiplier section 31 are in contact with each other, however, there is a 
possibility of the electron multiplier section 31 being affected by 
external noise through the side wall fi:^ame 3, thus lowering the detection 
accuracy. 

[0049] In the photomultiplier according to the fourth embodiment, the 
electron multiplier section 31 and anode 32 integrally formed with the 
side wall fi"ame 3 are arranged on the flat part in the glass substrate 40 
(lower fi-ame 4) while in a state each separated by a predetermined 
distance fi-om the side wall frame 3. Here, the area (a) in Fig. 9 shows 
a perspective view of the side wall frame in the fourth embodiment, 
whereas the area (b) in Fig. 9 shows a sectional view corresponding to 
Fig. 3 showing a cross-sectional structure of the first embodiment. As 
can also be seen from Fig. 9, the photomultiplier according to the fourth 
embodiment is a photomultiplier having a transmission-type 
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photocathode with the same structure as that of the photomultiplier 
according to the first embodiment except that the electron multipher 
section 31 and anode 32 each separated by a predetermined distance 
from the side wall frame 3 are fixed to the glass substrate 40 that is the 
lower frame 4. 
Fifth Embodiment 

[0050] Li each of the above-mentioned transmission-type and 
reflection-type photomultipliers according to the first to fourth 
embodiments, the upper frame 2 is constmcted by the glass substrate 20, 
whereas the glass substrate 20 itself functions as a transmitting window. 
However, the upper frame 2 may be constructed by a silicon substrate as 
well. In this case, any of the upper frame 2 or side wall frame 3 is 
formed with a transmitting window. Figs. 10 and 11 are views for 
explaining methods of forming a transmitting window in the upper 
frame 2 or side wall frame 3 comprised of a silicon material. 
[0051] For example. Fig. 10 is a view showing a transmitting window 
producing process in the case where an SOI (Silicon On Insulator) 
substrate is employed as the upper frame 2. As shown in the area (a) 
of Fig. 10, the SOI substrate is obtained by forming a sputtered glass 
substrate 210 on a base silicon substrate 200, and thereafter joining an 
upper silicon substrate 200 onto the sputtered glass substrate 210 by 
anodic bonding. Then, as shown in the area (b) of Fig. 10, depressions 
200a, 200b are formed by etching from both sides of the SOI substrate 
(the silicon substrates 200 positioned on both sides of the sputtered 
glass substrate 210) toward the sputtered glass substrate 210. A part of 
the sputtered glass substrate 210 exposed by the depressions 200a, 200b 
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becomes a transmitting window. In the case of the transmission-type 
photomultiplier, the photocathode 22 is formed on a surface of the 
sputtered glass substrate 210 which becomes the inner side of the 
enclosure. 

[0052] In the case where a silicon substrate 200 is employed alone as 
the upper frame 2, one face of the prepared silicon substrate 200 is 
initially formed with grooves each having a width of several ^im or less 
with an appropriate depth as shown in the area (a) of Fig. 11. These 
grooves may be formed like columns or meshes as seen from the front 
face of the silicon substrate 200. Then, as shown in the area (b) of Fig. 
1 1 , the area formed with the grooves in one face of the silicon substrate 
200 is thermally oxidized, so as to glassify a part of the silicon substrate 
200. On the other hand, as shown in the area (c) of Fig. 11, the other 
face of the silicon substrate 200 is etched to the glassified area, so as to 
form a depression 200c, thereby yielding a transmitting window. In 
the case of the transmission-type photomultiplier, the photocathode 22 
is formed on the glassified area (transmitting window) exposed through 
the depression 200c. 

[0053] For forming the transmitting window by thermally oxidizing the 
silicon substrate 200, methods other than the forming method shown in 
Fig. 11 may be employed. Namely, a transmitting window forming 
area of the silicon substrate 200 may be etched so as to attain a 
thickness of about several ^im, and this transmitting window forming 
area may be thermally oxidized, so as to be glassified. In this case, the 
silicon substrate 200 may be etched from either both sides or one side. 
Specifically, a silicon substrate 200 to become an upper frame is 
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prepared (see the area (a) in Fig. 12), and is etched from both sides, so 
as to form depressions 200d, 200e (see the area (b) in Fig. 2). Here, 
the thickness of the transmitting window forming area is about several 
|im, whereas the etched area is thermally oxidized, so that a part of the 
silicon substrate 200 is glassified, whereby a transmitting window 240 
is obtained. In the case of the transmission-type photomultiplier, the 
photocathode 22 is formed on the glassified area (transmitting window) 
exposed through the depression 200e (see the area (c) in Fig. 12). 
[0054] Thus formed transmitting window may also be provided in the 
side wall frame 3 comprised of a silicon material. Fig. 13 is a view 
showing the structure of a fifth embodiment of the photomultiplier 
according to the present invention. Here, Fig. 13 is a sectional view 
corresponding to Fig. 3 showing a cross-sectional structure of the 
photomultiplier according to the first embodiment. 

[0055] The photomultiplier according to the fifth embodiment differs 
from the photomultipliers according to the first to fourth embodiments 
in that the upper frame 2 is constructed by a silicon substrate 200. The 
fifth embodiment has the same structure as that of the photomultiplier 
according to the first embodiment except that it is a transmission-type 
photomultiplier in which the side wall frame 3 is provided with a 
transmitting window while the photocathode 22 is formed on the inside 
of the transmitting window. 

[0056] In each of the above-mentioned embodiments, the silicon 
substrate and glass substrate are joined together by anodic bonding or 
diffusion bonding. Such anodic bonding or diffiision bonding can 
minimize troubles such as the occurrence of foreign matters at the time 
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of welding and the like. 

[0057] Specifically, anodic bonding is performed by an apparatus such 
as the one shown in the area (a) of Fig. 14. Namely, a silicon substrate 
200 and a glass substrate 20 are successively placed on a metal pedestal 
510, and a metal weight 520 is further mounted thereon. When a 
predetermined voltage is applied between the metal pedestal and the 
metal weight 520, the silicon substrate 200 and glass substrate 20 are 
closely joined together. 

[0058] The silicon substrate 200 and glass • substrate 20 can be joined 
together by diffusion bonding as well. The area (b) in Fig. 14 is a view 
for explaining diffusion bonding. As shown in the area (b) of Fig. 14, 
a metal layer in which Au, In, and Au films are successively laminated 
is arranged between a silicon substrate 200 and a glass substrate 20 each 
of which is formed with a Cu film at the junction part therebetween, and 
the silicon substrate 200 and glass substrate 20 are thermally pressed 
together at a relatively low temperature, whereby the silicon substrate 
200 and glass substrate 20 are closely joined together. Diffusion 
bonding refers to a technique in which a plurality of metal layers which 
do not mix together at normal temperature are placed between members 
to be joined, and thermal energy is applied to the metal layers, whereby 
specific metal layers mix together (diffuse) and finally form an alloy, 
thus joining these members together. 

[0059] The method of manufacturing a photomultiplier according to the 
present invention can manufacture not only the photomultiplier having 
the structure mentioned above, but also photomultipliers having various 
structures. 
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[0060] Fig. 15 is a view showing another structure of photomultipHer 
which can be manufactured by the manufacturing method of the present 
invention. Fig. 15 shows a cross-sectional structure of the 
photomultiplier 10 which can be manufactured by the manufacturing 
method according to the present invention. As shown in the area (a) of 
Fig. 15, the photomultiplier 10 is constructed by an upper frame 11, a 
side wall frame 12 (silicon substrate), a first lower frame 13 (glass 
member), and a second lower frame (substrate) which are anodically 
bonded together. The upper frame 1 1 is comprised of a glass material, 
whose surface opposing the side wall frame 12 is formed vsdth a 
depression lib. A photocathode 112 is formed over substantially the 
whole surface of the bottom part of the depression lib. A 
photocathode electrode 113 giving a potential to the photocathode 112 
and a surface electrode terminal 1 1 1 in contact with a surface electrode 
which will be explained later are arranged at one end and the other end 
of the depression lib, respectively. 

[0061] The side wall frame 12 is provided with a number of holes 121 
parallel to the cylinder axis of the silicon substrate 12a. The inside of 
each hole 121 is formed with a secondary electron emitting surface. A 
surface electrode 122 and a back electrode 123 are arranged near 
opening parts at both ends of each hole 121, respectively. The area (b) 
in Fig. 15 shows the positional relationship between the holes 121 and 
surface electrodes 122. As shown in the area (b) of Fig. 15, the surface 
electrodes 122 are arranged so as to reach the holes 121. The same 
holds for the back electrodes 123 as well. The surface electrode 122 is 
in contact with a surface electrode terminal 111, whereas a back 
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electrode terminal 143 is in contact with the back electrode 123. 
Therefore, a potential occurs in the side wall frame 12 axially of the 
holes 121, whereby photoelectrons emitted from the photocathode 112 
advance downward through the holes 121 in the drawing. 
[0062] The first lower frame 13 is a member for connecting the side 
wall frame 12 and second lower frame 14 to each other, and is 
anodically bonded (may be diffusion-bonded) to both of the side wall 
frame 12 and second lower frame 14. 

[0063] The second lower frame 13 is constructed by a silicon substrate 
14a provided with a number of holes 141. Anodes 142 are inserted 
and fixed into these holes 142, respectively. 

[0064] In the photomultiplier 10 shown in Fig. 15, incident light from 
the upper side of the drawing is transmitted through the glass substrate 
of he upper frame 1 1, so as to be incident on the photocathode 112. In 
response to the incident light, the photocathode 112 emits 
photoelectrons toward the side wall frame 12. The emitted 
photoelectrons enter the holes 121 of the first lower frame 13. The 
photoelectrons having entered the holes 121 generate secondary 
electrons while colliding against the inner walls of the holes 121, and 
thus generated secondary electrons are emitted toward the second lower 
frame 14. The anodes 142 take out thus emitted secondary electrons as 
signals. 

[0065] An optical module in which the embodiments of the 
photomultiplier according to the present invention are employed will 
now be explained. In the following, for simplification, an analyzing 
module employing the photomultiplier la according to the first 
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embodiment will be explained. He area (a) in Fig. 16 is a view 
showing the structure of an analyzing module employing the 
photomultiplier la according to the first embodiment. The analyzing 
module 85 comprises a glass plate 850, a gas inlet duct 851, a gas 
exhaust duct 852, a solvent inlet duct 853, reagent mixing reaction paths 
854, a detecting part 855, a waste reservoir 856, and reagent paths 857. 
The gas inlet duct 851 and gas exhaust duct 852 are provided for letting 
a gas to be analyzed into and out of the analyzing module 85. The gas 
introduced from the gas inlet duct 851 passes an extraction path 853a 
formed on the glass plate 850, and is let out from the gas exhaust duct 
852. Therefore, when a solvent introduced from the solvent inlet duct 
853 passes through the extraction path 853a, specific substances of 
interest (e.g., environmental hormones and fine particles) in the 
introduced gas if any can be extracted into the solvent. 
[0066] The solvent having passed through the extraction path 853a is 
introduced into the reagent mixing reaction paths 854 while containing 
the extracted substances of interest. There are a plurality of reagent 
mixing reaction paths 854, whereas their corresponding reagents are 
introduced from the respective reagent paths 857, so as to be mixed with 
the solvent. The solvents mixed with the reagents advance through the 
reagent mixing reaction paths 854 toward the detecting part 855 while 
effecting reactions. The solvents having completed the detection of 
substances of interest in the detecting part 855 are discharged to the 
waste reservoir 856. 

[0067] The structure of the detecting part 855 will be explained with 
reference to the area (b) in Fig. 16. The detecting part 855 comprises a 
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light-emitting diode array 855a, a photomultiplier la, a power supply 
855c, and an output circuit 855b. The hght-emitting diode array 855a 
is provided with a plurality of light-emitting diodes corresponding to the 
respective reagent mixing reaction paths 854 of the glass plate 850. 
Pumping light (indicated by sohd arrows in the drawing) emitted from 
the light-emitting diode array 855a is introduced into the reagent mixing 
reaction paths 854. Solvents which may contain substances of interest 
flow through the reagent mixing reaction paths 854. After the 
substance of interest reacts with the reagents in the reagent mixing 
reaction paths 854, the reagent mixing reaction paths 854 corresponding 
to the detecting part 855 are irradiated with the pumping light, whereby 
fluorescence or transmitted light (indicated by broken arrows in the 
drawing) reaches the photomultiplier la. The fluorescence or 
transmitted light irradiates the photocathode 22 of the photomultiplier 
la. 

[0068] Since the photomultiplier la is provided with an electron 
multiplier section having a plurality of grooves (corresponding to 20 
channels, for example) as has already been explained, it can detect at 
which position (in which reagent mixing reaction path 854), the 
fluorescence or transmitted light has changed. The output circuit 855b 
outputs the result of detection. The power supply 855c is a power 
source for driving the photomultiplier la. A thin glass sheet (not 
depicted) is placed on the glass plate 850, so as to cover the extraction 
path 853a, reagent mixing reaction paths 854, reagent paths 857 
(excluding their reagent injecting parts), and the like except for 
junctions of the gas inlet duct 851, gas exhaust duct 852, and solvent 
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inlet duct 853 with the glass plate 850 and reagent injecting parts of the 
waste reservoir 856 and reagent paths 857. 

[0069] In the present invention, as in the foregoing, the electron 
multiplier section 31 is formed by processing grooves in the silicon 
substrate 30a, while the silicon substrate 30a is joined to the glass 
substrate 40a by anodic bonding or diffusion bonding, thus forming no 
vibrating parts. Therefore, the photomultipliers according to each of 
the above-described embodiments are excellent in resistances to 
vibrations and shocks. 

[0070] Since the anode 32 is anodically bonded or diffusion-bonded to 
the glass substrate 40a, there are no metal droplets at the time of 
welding. Therefore, the photomultipliers according to each of the 
embodiments have improved electric stability and resistances to 
vibrations and shocks. The anode 32 is anodically bonded or 
diffusion-bonded by the whole lower face thereof to the glass substrate 
40a, and thus does not vibrate upon shocks and vibrations. Therefore, 
the photomultipliers according to each of the embodiments have 
improved electric stability and resistances to vibrations and shocks. 
[0071] In the manufacture of the photomultipliers, there is no need to 
assemble an inner structure, so that the handling is easy, whereby the 
working time is short. They can easily attain a smaller size, since the 
enclosure (vacuum envelope) constructed by the upper frame 2, side 
wall frame 3, and lower frame 4 is integrated with the inner structure. 
Since there are no individual components inside, electrical and 
mechanical bonds are unnecessary, 

[0072] Since no special members are needed for sealing the enclosure 
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constructed by the upper frame 2, side wall frame 3, and lower frame 4, 
sealing in a wafer size is possible as in the photomultiplier according to 
the present invention. Since a plurality of photomultipliers are 
obtained by dicing after sealing, they can be produced inexpensively by 
easy operations. 

[0073] Because of seahng by anodic bonding or diffusion bonding, no 
foreign matters occur. Therefore, the photomultipliers have improved 
electric stability and resistances to vibrations and shocks. 
[0074] In the electron multiplier section 3 1 , electrons are multiplied in a 
cascading manner while colliding against side walls of a plurality of 
grooves constructed by the wall parts 311. Therefore, it is simple in 
structure and does not need a large number of components, and thus can 
easily be made smaller. 

[0075] The analyzing module 85 employing the photomultiplier 
according to each of the embodiments having the structures mentioned 
above can detect minute particles. It can continuously perform the 
extraction, reaction, and detection. 

[0076] From the invention thus described, it will be obvious that the 
embodiments of the invention may be varied in many ways. Such 
variations are not to be regarded as a departure from the spirit and scope 
of the invention, and all such modifications as would be obvious to one 
skilled in the art are intended for inclusion within the scope of the 
following claims. 
Industrial Applicability 

[0077] The photomultiplier according to the present invention is 
employable in various detection fields which need to detect weak light. 
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